Abstract: The addition of CMC (Carboxymethylcellulose, Sodium Salt) may improve the hydriding and dehydriding properties of Mg since it has a relatively low melting point and the melting of CMC during transformation-involving milling may put the milled samples in good states to absorb and release hydrogen rapidly. Samples with compositions of 95 wt% Mg + 5 wt% CMC (named Mg-5CMC) and 90 wt% Mg + 10 wt% CMC (named Mg-10CMC) were made using transformation-involving milling. Mg-5CMC was activated in about 3 hydriding-dehydriding cycles. After activation, Mg-5CMC had a larger amount of hydrogen absorbed in 60 min, H a (60 min), than Mg-10CMC and milled Mg. At the fourth cycle (CN=4), Mg-5CMC had a very high beginning hydriding rate (1.45 wt% H/min) and H a (60 min) (7.38 wt% H), showing that the activated Mg-5CMC has an effective hydrogen-storage capacity of about 7.4 wt% at 593 K in hydrogen of 12 bar at CN=4. Mg-5CMC after transformation-involving milling contained Mg and very small amounts of β-MgH 2 and MgO, and Mg-5CMC dehydrogenated at 593 K in hydrogen of 1.0 bar at the 4 th cycle contained
INTRODUCTION
A considerable amount of research has been conducted to increase the hydriding and dehydriding rates and hydrogen-storage capacity of magnesium, which is known to have excellent hydriding and dehydriding properties. Approaches include alloying magnesium with certain metals [1] [2] [3] , synthesizing Mgbased compounds [4] [5] [6] [7] [8] [9] such as LaMg 12 , CeMg 12 [8] , MmMg 12 (Mm-mischmetal), La 2 Mg 17 [5] , γ-Mg 17 Al 12 [9] , and adding graphite [10] and adding Nb and multi-walled carbon nanotubes to Mg-Ni alloys [11] .
In our previous works, the hydriding and dehydriding properties of Mg were improved by adding halogen compounds such as NbF 5 [12] , TaF 5 [13] , VCl 3 , and TiCl 3 [14, 15] by transformation-involving milling. The low decomposition temperatures of these halogen compounds are thought to contribute to the improvement of the hydriding and dehydriding properties of Mg.
CMC (Carboxymethylcellulose, Sodium Salt,
is a water-soluble anionic linear polymer, which is a cellulose derivative with carboxymethyl groups (-CH 2 -COOH). The melting point of CMC is relatively low (547 K). CMC has high viscosity and is non-toxic. CMC is used as a viscosity modifier or thickener, and to stabilize emulsions in various products.
We thought that the addition of CMC might improve the hydriding and dehydriding properties of were examined in detail and compared with those of oxide, halide, or transition metals-added Mg samples by milling in hydrogen using similar conditions to those employed to prepare Mg-5CMC and Mg-10CMC.
As far as we know, this study is the first in which a polymer CMC is added to Mg by transformationinvolving milling to improve the hydriding and dehydriding properties of Mg. Changes in the amounts of absorbed and released hydrogen with time were measured using a Sieverts' type hydriding and dehydriding apparatus elucidated previously [16] . A half gram of the samples was used to measure changes in the amounts of absorbed and released hydrogen with time.
EXPERIMENTAL DETAILS
Phases in the samples after transformation-involving milling and after hydriding-dehydriding cycling were analyzed by X-ray diffraction (XRD) with Cu Kα radiation, using a Rigaku D/MAX 2500 powder diffractometer. The scanning electron microscope (SEM) to observe the microstructures of the powders was a JSM-5900, which was operated at 15 kV.
RESULTS AND DISCUSSION
Microstructures of the CMC were observed by SEM at different magnifications and are shown in Fig. 1 .
The particles of CMC are irregular in shape with some cracks on the surfaces and particle sizes are not homogeneous. The XRD diagram of CMC exhibited two broad peaks, showing that the used CMC was Mg-5CMC absorbs 3.62 wt% H in 2.5 min, 6.54 wt% H in 10 min, and 7.38 wt% H in 60 min. Table 2 shows the changes in H a as a function of t at 593 is activated in about 3 hydriding-dehydriding cycles.
We define an effective hydrogen-storage capacity as the amount of the hydrogen absorbed in 60 min, H a The XRD (X-ray diffraction) diagram of Mg-5CMC after transformation-involving milling is shown in Fig.   8 . The sample contains Mg and very small amounts In our previous works, we investigated the hydriding and dehydriding properties of Mg-5NbF 5 [12] , Mg-
, and Mg-5Ni-2.5Fe-2.5Ti [18] . by transformation-involving milling increases the beginning hydriding rate and H a (60 min). The particle of pure Mg had a few cracks, with quite a flat surface [19] . Mg-5CMC after transformationinvolving milling has smaller particles and more cracks than the pure Mg.
The milling of Mg with CMC in hydrogen is believed to fabricate defects and cracks and lessen the particle size. Fabrication of defects is considered to ease nucleation. Fabrication of cracks and decreasing the particle size is thought to expose fresh surfaces, resulting in an increase in the reactivity of particles with hydrogen. Decreasing the particle size is believed to increase the flux of diffusing hydrogen atoms [20] [21] [22] [23] . , and Mg-5Ni-2.5Fe-2.5Ti.
5CMC after transformation-involving milling. These results suggest that the transformation-involving milling of Mg-5CMC induces very small strain.
It was reported that the hydriding rates of Mg are determined by nucleation in hydrogen pressure which exerts a small driving force for the hydriding reaction (the difference between the applied hydrogen pressure and the equilibrium plateau pressure at a given temperature) and the diffusion of hydrogen atoms through a thickening layer of magnesium hydride [24] .
The dehydriding rates of MgH 2 are determined by nucleation in hydrogen pressure which exerts a small driving force for the dehydriding reaction (the difference between the equilibrium plateau pressure at a given temperature and the applied hydrogen pressure) [24] . Therefore, the hydriding and dehydriding rates can be increased by easing nucleation, and the hydriding rate of Mg can be raised by lessening the Mg particle size.
The result in Fig. 3 shows that hydriding-dehydriding cycling increases the beginning hydriding rate and H a (60 min) until the completion of activation, probably due to the repeated expansion (by hydrogen absorption) and contraction (by hydrogen release) of the material. The expansion and contraction is thought to cause defects, produce cracks, and lessen the particle sizes.
The particles of pure Mg had a few cracks, with quite a flat surface [19] . The particles of Mg-5NbF 5 [12] and Mg-10Fe 2 O 3 [17] were agglomerated. The particles of Mg-5Ni-2.5Fe-2.5Ti [18] and Mg-5CMC were separated, and the particles of Mg-5CMC were smaller than those of Mg-5Ni-2.5Fe-2.5Ti. the prepared samples will be studied in the future.
CONCLUSIONS

